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ABSTRACT
LONGITUDINALLY POLARIZED MOMENTUM WAVES – AN EXPOSE
Sudeep Reddy Dodda, M.S.
Department of Electrical Engineering
Northern Illinois University, 2015
Dr. Vincent P McGinn, Director

Robert Zimmerman of the National Astronomy and Ionosphere Center at Arecibo, Puerto
Rico, has reported on the discovery of a new longitudinally polarized electromagnetic wave
predicated on vector potential only. In essence, his experiment launches a wave from a coaxial
transmission line waveguide with physical dimensions sufficient to support a transverse
magnetic (TM01) wave. Conventional antennas are unable to detect the transmitted signal but
parallel plasma tubes aligned parallel to the wave propagation direction do receive the signal if
the direction of electric fields for each tube are supplementary. Zimmerman’s claim is not
unfounded in light of the widely reported Aharonov-Bohm (AB) effect. Electromagneticists
Ferraro, Grimes and McGinn (FGM; Penn State and NIU) dispute Zimmerman's interpretation.
FGM postulate that conventional transverse electromagnetic waves are transmitted with
accompanying radial electric field spokes and circular magnetic lines of flux. The novel
demonstration I am arranging will establish a local time-varying magnetic field of annular
magnetic rings surrounding the plasma tube. If plasma current is time modulated through altered
ion population densities, electrical detection is possible, supporting FGM theory.
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CHAPTER 1
INTRODUCTION
It is an established fact that electromagnetic radiation propagates in the form of
transverse waves and all the modern radio communication has been developed on these
foundations. The electric field, magnetic field and the direction of propagation are mutually
perpendicular, but Robert K. Zimmerman [1] of the National Astronomy and Ionosphere Center
at Arecibo, Puerto Rico, on the contrary proposes that there could also be a longitudinal wave
propagation off the ends of a dipole in the form of vector potential radiation. Distinguished
Electromagneticists Anthony Ferraro (Professor Emeritus, Penn State), Dale Grimes (Professor
Emeritus, Penn State) and Vincent McGinn (Professor, NIU) take issue with Zimmerman’s idea
of longitudinal polarization. My thesis is intended to design an experimental demonstration to
support the FGM postulate. Design involves running a plasma source using a very-low-noise
power supply with the aid of a constant current source. A signal will be launched using an RF
transmitter parallel to the plasma and it is intended to be detected of the ends of the plasma tube.
The intention is to time modulate the plasma through altered ion population density and detect
the signal to support the FGM theory.
To mimic the experimental demonstration of Zimmerman we intend to build a radio
frequency (RF) generator that runs at 21.689 MHz to test the system. Great care has been taken
in the design to achieve a high degree of noise level suppression. Passive components will be
implemented in each and every stage of the project design, except for the constant current
source, to avoid noise created by the active components.

CHAPTER 2
LITERATURE REVIW
2.1 Zimmerman’s Article Review
Robert K. Zimmerman has done research at McMaster University in Hamilton, Canada,
and documented his discovery of longitudinally polarized momentum waves predicated on
vector potentials (VP) only [1]. He explains the similarities between TEM and VP waves as
follows:


Both of these waves were predicted by James Maxwell and both travel at the speed of
light.



Both can be created by current-carrying wire and their amplitudes diminish with range as
1/Range.

Then he explains their differences as follows:


VP waves are longitudinal waves like sound waves.



They carry no energy and these waves are consisted of “virtual photons” which carry
linear momentum.



These cannot be received with metallic antennas and hence are covert in nature.

He also explains that Maxwell had a term for VP waves known as “electro-kinetic momentum.”
He claims that a normal half-wave dipole emits VP waves along with the classical TEM radio
waves. TEM waves tend to fold around the radiating wire. He describes the VP waves as being
polarized parallel to the current direction in the wire. Most importantly, he claims that this VP
exists even off the ends of a dipole [1]. But a dipole antenna does not have any electric or
magnetic fields off the ends [2]. He explains that these VP waves carry mechanical momentum
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that can oscillate the free electrons in their path. He attributes this to the profound AharonovBohm (AB) effect [3]. This transfer of momentum to the electrons cannot oscillate them while in
metals. The drift velocities of electrons in metals like copper are of the order of 3 – 4 mm/sec,
whereas electrons in plasma are free to move at drift velocities in the order of tens of kilometers
per second. So he claims that plasma antennas are ideal for the VP wave reception. Free
electrons in plasma can travel at tens of kilometers per second and these velocities aid the
momentum coupling. He gives an example in which running a current of 10mA RMS in a halfwave dipole produces a vector potential of about 10-10 webers/m. And a plasma detector can
couple this momentum to free electrons at a velocity of 20m/sec.
Zimmerman designed a transmitting antenna and a receiving antenna both operating at
1296 MHz. In designing the transmitting antenna, he uses a circular wave guide to enclose a
central longitudinal conductor to suppress the TEM radio frequency (RF) signal. This waveguide
shielding stops the TEM RF power while allowing the transmission of VP through one end. He
launches a transverse magnetic TM01 longitudinal mode. He uses a 7-inch diameter galvanized
stovepipe (diameter = 17.78 cm) which provides a cutoff wavelength of 23.23cm (or frequency
of 1291 MHz) [1]. To get maximum radiated vector potential from a given transmitter, the probe
should be driven by zero impedance. To achieve this the guide needs to be as long as a quarter of
the wavelength. This means the length of the waveguide should be 69cm. He uses a 3dB
attenuator pad to protect the transmitter and compensate the infinite SWR (standing wave ratio)
on the coaxial cable. He also makes a suggestion to use a choke collar to prevent the current on
the inside from folding around the open end of the waveguide and thereby causing radiation [1].
Transmitter of Robert Zimmerman is shown in Figure 1 below.
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Figure 1. Transmitter of Robert Zimmerman [1].

For the receiving antenna, he uses a compact mercury-vapor fluorescent tube mounted
inside the 7-inch diameter waveguide. The U-shaped folded lamp, when ionized by direct current
(DC), provides a parallel transmission line. This provides a characteristic impedance of 50 ohms
which forms a perfect match to the 50-ohm coaxial cable. He runs the tube at 200mA DC current
and with a 120-ohm 10W load resistor to hold a constant current. He uses a transformer to
produce a momentary voltage of -400V to ionize the gas inside the tube. He employs a bias T
design for the receiver. He demonstrated the experiment by transmitting an FM signal over a
range of 500 meters. With the aid of horn antennas designed for both transmitter and receiver,
the range can be extended to almost 10kms. He concludes by making claims that intense VP
wave may be transmitted without much (or any) RF power [1]. The receiver is shown in Figure 2
below.
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Figure 2. Receiving antenna of Robert Zimmerman [1].

Zimmerman in his paper claims that he describes the verification of an alternate form of
radiation predicted by James Clerk Maxwell’s famous equations of electromagnetic radiation. He
was referring to Maxwell’s 1861 paper, “On Physical Lines of Force,” which was an
amalgamation of the work in the electromagnetic field by various scientists like Faraday, Gauss
and Ampere. This does not give any implications of how they could lead to some new kind of
radiation.
Further investigation into the AB effect [3] gives information that the charged particle’s
wave function is coupled to electromagnetic potential despite the presence of EM field in that
region. This as explained by Aharonov and Bohm in their paper, “Significance of
Electromagnetic Potentials in Quantum Theory” (1959). This effect is caused by the charged
particle experiencing a complex phase shift. But Zimmerman in his work does not clearly point
to this phase shift as the reason for the reception of the radiation by his plasma antenna.
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The radiation pattern of dipole antenna is shown in Figure 3.

Figure 3. Field around a dipole antenna [4].

It is evident from the radiation pattern that neither E field nor the H field exits off the end
of the dipole.
2.2 FGM Postulate
Dr. Anthony Ferraro (Distinguished Professor Emeritus, Penn State), Dr. Dale Grimes
(Distinguished Professor Emeritus, Penn State) and Dr. Vincent McGinn (Professor in Electrical
Engineering Dept., NIU) have noticed an alternate interpretation to Zimmerman’s results. FGM
postulate that conventional transverse electromagnetic waves are transmitted with radial electric
field spokes accompanying circular magnetic lines of flux. The experimental waveguide consists
of an inner conductor which is shielded from the outer conductor by means of a dielectric
material. This is not unlike a coaxial transmission line.
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The way a TEM wave passes inside a coaxial waveguide is that the electric field is
directed radially outwards from the center and the magnetic field is in circles around the
central current-carrying conductor, which is shown in Figure 4.

Figure 4. Field inside a coaxial cable [1].


A dipole antenna doesn’t detect the electric field, as equal and opposite components exist.
But transmitted electric field spokes, as shown in Figure 5, and accompanying annular rings
of magnetic field, as shown in Figure 6, may interact with a novel detector properly oriented.



By establishing local time-varying electric field spokes and annular magnetic rings of flux it
is expected that ion population density can be altered resulting in electrical detection of the
signal.
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Figure 5. Radial electric field spokes.

Figure 6. Annular magnetic rings around the plasma tube.

CHAPTER 3
PROPOSAL
My proposal includes an experimental demonstration to support FGM theory thereby
controverting the idea put forth by Zimmerman. The experimental setup includes a plasma tube
and means to start and maintain the plasma. This involves a high-voltage spark transformer to
ignite the gas inside the tube, then a power supply to maintain the plasma, RF transmitter and an
output extraction circuit.
Initial experimental setup included:


Low-voltage power supplies



High-voltage power supply



High-voltage spark transformer



Output extraction

But the original design did not work as expected due to poor fabrication which resulted in the
plasma ending up oscillating. This was also because the load which is the plasma did not stay
constant due to its negative resistance coupled with the inductance of the transformer winding.
Also the large capacitors in the low-voltage power supply had a deleterious effect on the plasma
oscillations. Keeping in mind all of these drawbacks, a better experimental setup was proposed
and implemented. It follows along the lines of the initial setup with certain changes in the
ignition system and usage of a constant current source to maintain the plasma stable.
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It includes:


High-voltage power supply



Piezo-electric and pulse transformer



Constant current source



RF generator



Output extraction
Design also includes manufacturing a toroidal transformer which will be used as the

pulsed transformer. Another toroid will be used in the coupling circuit of the RF generator. A
brass wire needs to be placed parallel to the tube to carry the RF signal which will modulate the
plasma ions. A matching network has been designed to achieve a high signal-to-noise ratio. We
also intended to use a commercially available broadband pre-amplifier to amplify the output
signal from the matching network.

CHAPTER 4
THEORY
4.1 Electric Charge
Electric charge is a property of matter that causes it to experience a force when placed in
an electric field. There are two kinds of charges, namely positive and negative. An object is
negatively charged if it has an excess of electron and is otherwise positively charged or neutral.
Like charges repel and unlike charges attract each other. Units of electric charge are Coulombs
(C).
4.2 Electric Field
Electric field is defined as the space in which an electric force is experienced by a
stationary point charge. It is a vector field. An electric field is generated by either an electric
charge or time-varying magnetic field. Electric field can be visualized as the electric lines of
force emanating from a positive charge or going into a negative charge. Units are Newtons per
Coulomb (N.C-1) or Volts per meter (V.m-1). Electric flux which are field lines is depicted in the
Figure 7 below.

Figure 7. Electric field lines around positive and negative charges [5].
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4.3 Magnetic Field
Magnetic field analogous to any other field definition is the region of space in which a
magnetic material or electric current experiences a force. Similar to electric lines of force,
magnetic lines of force constitute a magnetic field. But unlike electric lines of force which are
divergent, magnetic lines of force are not divergent. They start at a magnetic North pole and
terminate at a magnetic South pole. Magnetic field around a bar magnet is shown in Figure 8.

Figure 8. Field of a cylindrical magnet [6].

4.4 Electromagnetic Wave
Transverse electromagnetic (TEM) waves consist of an electric field, E, perpendicular to
a magnetic field, H, and both fields perpendicular to the direction of propagation. This is shown
in Figure 9 below. Static charge produces electric field, E. Charge moving with constant velocity
like direct current in a wire produces magnetic field, H. Accelerating charge produces an
electromagnetic wave. In classical physics and for all practical purposes this electromagnetic
wave is considered to be transverse in nature. The most common form of an electromagnetic
wave is light. Visible light occupies a very small part of the electromagnetic spectrum, which is a
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collection of various frequencies (wavelengths) ranging from infrared to ultraviolet. The range of
frequencies is depicted in Figure 10 below.

Figure 9. Electromagnetic wave [7].

Figure 10. Electromagnetic spectrum with visible light highlighted [8].

According to the special theory of relativity, the separation of electric and magnetic fields
is relative to the observational frame of reference. That is, an electric field perceived by one
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observer may be perceived as magnetic field by another or can also be perceived as mixture of
both. In quantum physics, the EM field is quantized and is caused by exchange of photons. Force
caused by EM interaction results in EM force, which is one of the four fundamental interactions
in nature, others being strong force, weak force and gravitation.
4.5 Maxwell’s Equations
Maxwell’s equations are a set of partial differential equations which along with Lorentz
force law form the classical electrodynamics. These equations explain how electric and magnetic
fields are generated and altered by each other and by charges and currents. James Clerk Maxwell
put together the work of Karl Friedrich Gauss, Michael Faraday, André-Marie Ampère, Hendrik
Lorentz and Oliver Heaviside to develop the set of equations shown in Figure 11.

Figure 11. Maxwell’s equations in differential and integral forms.
E = Electric field intensity
B = Magnetic flux density
S = Normal surface area
ρ = Electric charge density
J = Electric current density
D = Displacement vector
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4.6 Antennas
An antenna is an electrical device which converts electric energy into EM waves, more
precisely, radio waves. It is used in transmission, reception or even both for radio waves. In
transmission it converts the high-frequency AC to EM waves. While in reception, it converts
back the received EM radiation into electrical signals. Typically, oscillating electrons forced
through the transmitting antenna produce an oscillating H field around the antenna elements,
while the charge of electrons also produces an oscillating E field along the antenna. These timevarying fields radiate away into space in the form of a TEM field wave. These antennas could be
designed to emit radio waves in all horizontal directions equally (omnidirectional antennas) or in
any particular direction (directional antennas).
4.7 Dipole Antenna
Also called a doublet, this type of antenna is the most commonly used class of
antenna in radio communications. It basically consists of two identical conductive elements
through which current is driven between two halves. The dipole is not considered a directional
antenna. Its radiation pattern is close to a uniform toroid symmetric about the axis of the dipole
which is shown in Figure 12 below. It is evident from the figure that there is no power radiated
along the axis of the dipole antenna.
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Figure 12. Radiation pattern of dipole antenna.

4.8 Transformer
It is an electrical device that transfers electrical energy between multiple circuits through
electromagnetic induction. A varying current in the primary winding of the transformer induces
flux in the magnetic core which is transferred to the secondary winding in the form of
electromotive force (emf) as shown in Figure 13.

Figure 13. Ideal transformer [9].
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Ideal transformer equations:

Apparent load impedance Z’L = ( VP / IP ) = a2 ZL , where a = turns ratio = VP / VS.
Transformers can be used for multitude of applications, but primarily they are used in power
supplies for electrical equipment. Usually they are used to step-down the 120V AC to any
convenient value in the operating region of a particular device.
4.9 Rectifier
In the design of a power supply, the first step is to step down the voltage to the desired
value using a transformer. But the output is still AC, which cannot be used directly. This needs to
be converted to DC using rectifier circuits. There are two basic types of rectifications possible.
One is half-wave rectification and the other is a full-wave rectification. Both of these employ
diodes.
4.9.1 Half-Wave Rectifier
The AC signal is fed into a diode as shown in Figure 14. The diode only conducts in one
direction. That is it allows a signal to pass only when it is forward biased. Input which is a
sinusoidal is as shown in Figure 15 below. Hence the output is just the positive half cycles, as
shown in Figure 16, of the sinusoidal input.
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Figure 14. Half-wave rectifier circuit.

Figure 15. Input to half-wave rectifier.

Figure 16. Output of half-wave rectifier.

4.9.2 Full-Wave Rectifier
In this circuit two diodes are incorporated to rectify both the positive and the negative
halves of the sinusoidal input signal thereby increasing the efficiency of the system. Also the
ripple frequency becomes double of the original frequency. In the Figure 17, the top diode only
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conducts for the positive half of the cycle and the bottom diode conducts for the negative half of
the cycle. This is often employed with a center-tapped transformer acting as the input, which
essentially is a three-wire input. Output is depicted in Figure 18.

Figure 17. Full-wave rectifier circuit.

Figure 18. Output of full-wave rectifier.

4.9.3 Bridge Rectifier
To convert AC to DC with full-wave rectification with just two-wire input, four diodes
are arranged in a way known as a Graetz bridge as shown in Figure 19. This gives advantages in
both cost as well as overall weight of the circuit.
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Figure 19. Bridge rectifier.

4.10 Smoothing
Even though the output of the rectifier is unipolar, i.e., voltage has only positive half
cycles, the output is still not DC. To smooth out the one-sided AC we need to use a capacitor.
This capacitor in conjunction with the load resistor has a time constant (τ = RC). As long as this
time constant is very large compared to the AC time period, this produces a smooth DC voltage
across the load. Even after the smoothing the output is not perfect DC but has some residual
ripple in the signal. Hence this stage is followed by further filtering.
4.11 Filter
An electrical filter is used to pass only required signal components through it. It is a
circuit which offers variable attenuation for different frequency components in a signal. The
simplest of the filters is an RC filter. A series resistor and capacitor can be used as a low-pass or
high-pass filter based on across which component voltage is collected. If we take the voltage
across the capacitor it is a low-pass filter. This is because for low frequency the impedance of the
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capacitor seems infinite and all the input voltage appears across it. RC low-pass filter, which
looks as in Figure 20 below, is used in power supplies to filter out the high-frequency ripples.

Figure 20. Low-pass filter.

4.12 Toroid
The toroid is a transformer whose core is in the shape of a donut. The closed core
provides better magnetic field isolation from the surroundings also with boosted strength due to
higher concentration of the magnetic flux density. Toroidal transformers are used in power
supply design because of easy installation and high power capability. We made use of a toroid
manufactured by Hammond Manufacturing, which is shown in Figure 21 below.
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Figure 21. Toroidal transformer [10].

4.13 Fluorescent Tube
A fluorescent tube is a low-pressure mercury-vapor gas-discharge lamp that employs
excited phosphor to produce light. The mercury vapor in the tube when excited by electric
current produces ultraviolet (UV) light that falls on the phosphor coating on the inside of the tube
which converts UV into visible light which is emitted out. Efficiency of a fluorescent bulb is
much higher than an incandescent light. For our experiment we used a tube manufactured by
General Electric, which is shown in Figure 22.

Figure 22. GE Ecolux® Biax® T4.
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Fluorescent lamps are costly when compared to normal incandescent lamps because they
employ an electronic ballast that is required to regulate the current flow in the tube. This is
required because the tube enters a negative resistance region once the plasma ignites. This causes
the current to increase substantially, damaging the bulb and even breaking it.
4.14 Negative Resistance
Circuit elements like resistors, capacitors, etc., follow the Ohm’s law, wherein the
voltage across the device increases with the increase in the current passing through them. This
brings up the concept of electrical resistance which is the opposition for the flow of electrons.
But certain electrical devices possess the property of negative resistance in which an increase in
voltage across the device results in decrease in its current. Examples of devices exhibiting
negative resistance are plasma discharges, tunnel diodes and Gunn diodes. Circuits containing
amplifiers with positive feedback can also exhibit negative resistance. This property often causes
the systems to oscillate.
4.15 Piezo-electricity
Piezo-electric material accumulates electric charge when a mechanical stress is applied.
Piezo in Greek means “press.” It is a reversible process. That is, when the crystal is deformed, it
produces electricity. Similarly, when electricity is applied to the crystal the crystal deforms. This
piezo-electric material is connected to a pulse transformer via a spark gap. The spark gap is used
since the piezo-electric material has very high impedance, and this will be shorted out by the low
impedance of the pulse transformer winding.
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4.16 TVS Diode
TVS stands for transient voltage suppression. TVS diode is a two-terminal device used to
protect electronics from voltage spikes. When the induced voltage becomes higher than the
avalanche breakdown point, this diode provides a shunt for the excess current. It acts as a
clamper which suppresses all the voltage above breakdown voltage.

CHAPTER 5
EXPERIMENTAL SETUP-1
5.1 Low-Voltage Power Supply
Plasma generation often requires pre-heating the filament, which is applying a little
voltage across the filaments of the tube to heat them up sufficiently before igniting the plasma.
This has been achieved by using a low-voltage power supply. 120 V power was fed to a voltage
step-down transformer with the turns ratio of 24:1. This transformer output is a little more than
5V which is then rectified using a full-wave rectifier circuit. The rectified signal then passed
through three RC filter stages to convert the AC ripples to pure DC. A further noise
immunization is provided by carefully selecting a capacitor in the feedforward network to match
the out-of-phase component. Simulation has been done in National Instruments Multisim
software which is shown in Figure 23.

Figure 23. Low-voltage power supply.
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The RC filter stages provide a phase difference between its input and output. This has
been cancelled out using the feedforward capacitor. This low-voltage power supply provided the
necessary 2.9V required for pre-heating the filaments and the noise level was down to 100μVP-P,
which is evident from the Figure 24. Figure 25 shows the actual circuit implementation.

Figure 24. Noise level in the low-voltage power supply.

Figure 25. Low-voltage power supply (actual circuit).
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5.2 High-Voltage Power Supply
A similar topology is employed in the high-voltage power supply design. The
specifications of the tube are 13 watts at an average current of 0.285A. As this experiment
involves very small changes in voltage levels, noise is to be kept to very low levels. Hence only
analog components have been used. First a 120V to 120V AC toroidal transformer manufactured
by Hammond Mfg. was used. This 120V AC has been passed through a bridge rectifier circuit
and then passed through four stages of RC low-pass filter. This helps to convert the AC ripples to
pure DC. To reduce the noise spikes from the filter output, an additional capacitor is placed in
the positive feedforward path to compensate for the phase shift caused by the RC filtering stage.
These capacitors suppress the noise spikes to under 100 nVP-P. The design had a 150-ohm
resistor in series with the plasma tube, which are combined together as a 300-ohm load in the
simulation. Simulation has been implemented in Multisim simulation software from National
Instruments, which is shown in Figure 26 below.

Figure 26. High-voltage power supply.
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The simulation result of noise level is shown in Figure 27 and the actual circuit
implementation in Figure 28 respectively.

Figure 27. Noise level in the high-voltage power supply.

Figure 28. High-voltage power supply (actual circuit).
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5.3 High-Voltage Spark Transformer
The voltage-current relationship for an inductor is given by:

This means an inductor does not like to change its current instantaneously. When this happens
the inductor reacts violently, producing a Dirac delta voltage function. The inductor voltage
could go infinitely high, but the factors that bring the high value down are the winding
resistances and the transformer running into saturation. There is very little that can be done to
limit the winding resistance. To inhibit saturation, a small air gap needs to be placed in the core.
For our project, we made use of a normal laminated-core transformer. I took it apart by removing
each and every E and I individually. Then they were cleaned in alcohol solution to remove glue
of the E and I frames. Then all the E and I frames were put together and a small gap was placed
in between them by placing a small piece of paper. The infinitesimally small change in time can
be achieved by using a door button type of switch. Before the air gap was placed, the voltage
spiked up to less than 200V, which was not enough to ignite the plasma. After the gap has been
placed, the voltage spiked up to more than 500V. This transformer is shown in Figure 29 below.

Figure 29. Ignition transformer.
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5.4 Output Extraction
There was one more thing we included into the circuit, which was another capacitor with
a diode in series to give the one-way voltage spike to the plasma tube. To pass the time-varying
signal parallel to the tube, a brass wire was placed along the tube. This is connected to a BNC
connector which was fed by a function generator. The tube was mounted inside an Al tube which
looks similar to one shown in Figure 30 and is used to shield it from the outside world. All of the
components are placed on a perforated board which could not support the weight of the heavy
transformers and capacitors. So a plastic case was designed using AutoCAD to support the
circuitry.

Figure 30. Al tube.

5.5 Drawbacks
All the power supplies worked as anticipated. Ignition was good enough to start the
plasma and the power supply took it from there to maintain the plasma. But when we ran the
signal through the brass wire and intended to detect it off the ends of plasma, we saw that the
plasma was oscillating. Even though we varied the signal through the brass wire both in
magnitude wise as well as frequency wise, we could not get anything other than the plasma
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oscillations. We thought that the inductance in the ignition transformer was the reason for the
oscillations, so we shorted out the transformer after the ignition but could not stop the plasma
oscillations. After careful investigation the reason for the plasma to oscillate was found.
Capacitance of low-voltage power supplies coupled with the plasma inside the tube forms a
relaxation oscillator. In order to verify our experiment we need to first stop the plasma from
oscillating. Also the design lacked a bleeder resistor in the circuit. So an alternate design was
implemented.

CHAPTER 6
EXPERIMENTAL SETUP-2
The improved experimental setup can be shown as a block diagram as in Figure 31
below.

High-voltage power
supply

Piezo-electric and pulse
transformer

Plasma Tube

Constant current
source

Figure 31. System block diagram.

6.1 High-Voltage Power Supply
As the capacitance in the low-voltage power supplies from the previous setup were
causing the oscillations in the plasma, we decided to eliminate the use of a low-voltage power
supply in this setup. This high-voltage power supply was similar to the original design with a
few modifications. The added 47K-ohm resistors act as bleeder resistances. The 150-ohm load is
in series with external 150 ohms which are represented by 300-ohm load in the circuit.
An 117V to 117V toroidal transformer is being used to couple the input of the setup with
the commercial supply. This transformer is used to provide isolated ohmic contact for the
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system. The AC is then rectified using a bridge rectifier. The rectified signal is passed through a
four-stage RC filter to convert the rippled AC to pure DC. An additional 0.33μF capacitor was
added to provide the sufficient phase compensation in the feedforward path to suppress the noise
levels down to a few nanovolts. A second 0.33μF capacitor is an RF shunt to the large
electrolytic capacitor. In the simulation shown in Figure 32 below, we put the AC power supply
which mimics the transformer output.

Figure 32. High-voltage power supply (modified).

6.2 Piezo-electric and Pulse Transformer
To start the ignition inside the plasma tube, a very high-voltage spike is to be provided.
This can be achieved by using spark igniters which work on the principle of piezo-electricity.
Piezo-electric material accumulate electric charge when a mechanical stress is applied. Piezo in
Greek means “press.” It is a reversible process. That is, when the crystal is deformed, it produces
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electricity. Similarly, when electricity is applied to the crystal, the crystal deforms. This piezoelectric material is connected to a pulse transformer via a spark gap. The pulse transformer was
fabricated in the lab. It had 100 turns on the primary as well as 100 turns on the secondary. We
made use of a commercial charcoal ignitor as the means of piezo-electric starter, which is shown
in Figure 33.

Figure 33. Piezo-electric ignitor.

We had to build the pulse transformer to inductively couple the high-voltage spike from
the ignitor to the main circuit. To do this we designed a 1:1 ratio pulse transformer in our lab.
We made use of a ferrite core supplied by AMIDON Associates, Inc. It was made out of material
77. The core number is FT-240-77. It had a diameter of 2.4 inches with the value of AL = 3155
mH/1000 turns. We then used the following formula to calculate the number of turns required to
produce the desired inductance:
Number of turns = 1000 x
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Using the above formula we calculated the number of turns as 100 for the primary
winding. As we intended a 1:1 ratio, the secondary also has 100 turns. We used help from our
local machine shop to mount this transformer using a bracket.
6.2.1 Spark Gap
The spark gap is placed in between piezo-electric and pulse transformer. Due to the high
impedance of piezo-electric materials, connecting an inductor will provide a short circuit path
resulting in low-voltage spikes. To avoid this a spark gap, in our case we made use of a spark
plug typically used in automobiles, which is shown in Figure 34. This allows sufficient time for
the transformer to build up the magnetic field and then trigger the tube.

Figure 34. Spark plug.

6.3 Constant Current Source
Even after eliminating the capacitors from the low-voltage power supply, the plasma did
not stabilize. Hence we decided to run the tube using a constant current source. To account for
the high current demand of the circuit, a power MOSFET was used for the current source. We
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made used of an IRF460 which is an N-channel power MOSFET manufactured by Vishay
Electronics. We used 1N5234B breakdown diodes operating in the breakdown region. A series
of three diodes provide the required voltage level. This could have also be done using a single
avalanche diode with higher breakdown voltage level, but the three in our design operate at
around 6.2V individually to maintain zero temperature dependence.
At 6.2V breakdown is caused both by Zener and avalanche mechanisms that provide
almost equal negative and positive temperature dependence, thereby cancelling the net effect of
temperature. The MOSFET is being operated in common source mode. The avalanche diodes fix
the reference voltage at 18.6V. The plasma load is connected to the drain terminal which
provides constant current. A 25-ohm resistor is connected to the source as part of the biasing
circuit. The 10k-ohm resistor provides adjustment bias to the transistor gate. The potentiometer
is used to adjust the output current to the desired value. An additional 30k-ohm resistor is used to
protect the gate terminal of the MOSFET. A 0.1μF capacitor suppresses any noise coming from
the potentiometer. The TVS (transient voltage suppression) diode which is also referred to as a
TransZorb is placed across the MOSFET. This is put in place in order to protect the FET from
the high-voltage spikes during ignition. The MOSFET is only good for operating voltages below
500V. But the high voltage spike during the ignition can be higher than that. Hence the
P6KE13CA TVS diode manufactured by Littlefuse, Inc. which has a breakdown voltage at
274V, is selected.
We have tested the circuit for satisfaction over a wide range of loads. Also to account for
the power dissipation in the transistor, we mounted it onto a heat sink. Note that the diodes
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across the MOSFET in the simulator are not substitutes to the actual TransZorb but are put there
to mimic its presence. Also Vcc is 80 volts coming from the power supply. The circuit diagram
is shown in Figure 35 below.

Figure 35. Constant current source.

6.4 Shielded Cavity
Shielding from electromagnetic radiation can be achieved by providing EM shield
enclosures. This can done by enclosing the plasma tube in a cylindrical aluminum tube. Any
good conductor can be used to provide the shielding effect but in our case availability played a
key role in selecting Al tube, which is shown below in Figure 36.
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Figure 36. Shielding cavity for the tube.
6.5 Input Section
To obtain the annular magnetic rings and electric field spokes for the plasma tube, an
alternating current is to be sent very close to the tube. To achieve this a brass rod has been fitted
between the legs of the tube. This brass rod is driven by a 21.689MHz transmitter, whose design
will be discussed in the next chapter. One end of the rod is connected to the transmitter output by
means of a BNC connector and the other end is grounded to the Al shielding cavity thereby
localizing the field.
6.6 Output Extraction
The output from the plasma tube is connected to a tuned circuit via a transformer. The
transformer has been designed and built in the lab according to our need. We used an iron
powder core supplied by AMIDON Associates, Inc., to build the RF transformer. We made use
of material 10 (part number T-30-10) which has AL = 25μH/100 turns. We glued together two
cores to give us AL = 50μH/100 turns. This was because we used 10mm Film Trim plastic
dielectric capacitor which has minimum and maximum capacitances of 4.5pF and 60pF
respectively. We were tuning to 21.689MHz. To achieve a 50% engagement between the plates
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of the trimmer, we were looking at an inductance of 1.6 μH. The number of turns was calculated
from the formula:
Number of turns = 100 x
If only one core was used, we need to wind 25 turns, which was too much considering the size of
the core. Hence we used two cores which only requires 14 turns. We also had two more windings
on the core, one to connect to the tube and the other to give the output. The input of this stage
has 680 pF capacitor which can handle 1.5KV. This acts a DC-blocking capacitor which is used
to block the DC from the tube. The output has two 1N4148 small-signal fast-switching diodes
connected in parallel but in opposite direction. This is to ensure that the signal level is below 1V
as we intend to connect the signal to a broadband amplifier which can only handle inputs of less
than 1V. Another 680pF capacitor was connected to the output. This capacitor is used to check
the health of the diodes via an ohmmeter when the system is not in operation. The entire circuit
is first simulated in Multisim, which is shown below in Figure 37.

Figure 37. Output extraction circuit.
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This output will be fed to a broadband pre-amplifier which operates over 10 KHz to 1
GHz. This is to make sure that we achieve proper signal-to-noise ratio and check for the
electrical detection. The broadband pre-amplifier has been manufactured by Electro-Metrics,
model BPA1000.
6.7 CW Transmitter
To test our experimental setup, we need a signal generator to feed in the signal at high
frequency. To do this we made use of a crystal oscillator which resonates at 21.689 MHz. It was
manufactured by Motorola Solution with the part number being K1100AM. But the clock output
is too low for our application. So we need to amplify the signal from the clock. To do this we
made use of an amplifier circuit which operates in Class C mode. This is because we only want
the amplifier to operate when there is a signal from the clock. All other times it need not work.
We made used of 2N3906 general-purpose PNP transistor. The reason for using PNP is because
the specification sheet of the crystal clock mentions that the clock can sink more current than it
can source. We also intend to extract the output via transformer coupling. Hence an RF pulse
transformer was designed and built in the lab. This was built on similar lines as the other
transformer which was used in the output extraction matching network. We made use of three
cores of material 10 (part number T-30-10) with AL = 25μH/100 turns. This is placed in parallel
to a 10 mm Film Trim plastic dielectric capacitor manufactured by Sprague Goodman. It has a
range of 3.5pF to 40pF capacitance to tune to the 21.689MHz frequency. We intend to maintain
a 50% engagement on the trimmer. Hence using the formula to calculate the number of turns, we
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need 15 turns. It has three turns on the primary, 15 on the secondary and three turns on the third
winding. The circuit diagram is shown in Figure 38.

Figure 38. CW transmitter circuit diagram.

The K1100AM operates at 5V plus or minus 0.5V. We have a 6V source which was a
series connection of two 3V commercial batteries. So to compensate the voltage difference, a
1N4007 diode (D1) which has drop of 0.7V in forward bias is placed in series with the power
supply. This diode is in forward bias region providing the required voltage drop to put the crystal
in its proper operating range. C1 is placed to eliminate the current spikes caused by the TTL
transitions of the K1100AM. R1 is chosen keeping in mind that the clock output can drive five
standard TTLs, which is about 800 ohm. So we need to compensate for the voltage drop across
the base emitter region. So an EIA value of 910 ohms has been selected.
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When the output of the crystal is low, the transistor turns on. This builds up charge in the
base emitter region of the transistor. And when the output of the crystal is high, the transistor
turns off. But the charge is still in the base emitter region. Hence to pull out this charge we use a
RC parallel connection in the emitter circuit. When the transistor is turned on, the R2 has a
potential drop. This is maintained by the charged capacitor C2. When the transistor is off with
the charge still in the base emitter region, the oppositely charged RC pulls that charge out of the
transistor via a large current spike.
The 15-turn winding along with the tuning capacitor provides the tuned circuit for the
system. At 21.689 MHz this looks like an open circuit and pulls maximum power from the threeturns input to the three-turns output. C3 is used as a bias capacitor. And finally, the C4 capacitor
quiets the source. The additional resistor R3 and LED are used to check if the transmitter is
ON/OFF. The circuit has been enclosed in a box, as shown in Figure 39 below, with a BNC
connector to extract output.

Figure 39. CW transmitter.
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The overall schematic is shown in Figure 40.

Figure 40. Schematic of setup–2.

CHAPTER 7
RESULTS AND DISCUSSION
The original design of the project did not produce satisfactory results. The plasma inside
the tube was not stable, which resulted in oscillations in the output. Hence a new way of ignition
has been employed as well as the use of the constant current source has been implemented.
We were successful in detecting the signal at the ends of the plasma. We make sure that it
was the signal we transmitted by turning off the plasma tube which inhibited the signal detection.
We wanted to use a broadband pre-amplifier as we were unaware of what the output signal was
going to be. But the results had the voltages in detectable range directly without the aid of
amplifier. This was possible because of the output matching network. We observed that plasma
was still not stable but it was oscillating at a very low frequency. We are using a signal at RF
frequency and the plasma oscillations did not alter the output. We thought that maybe we could
see some modulation because of the plasma oscillations, but the output looked exactly as the
input RF. And so the output was free from modulation.
We also made the following observations about the signal levels with and without the
matching loads on the transmission line. The 150-ohm load was to match the characteristic
impedance of the brass rod used to carry the signal between the legs of the tube. Another 50-ohm
load was employed to match the coaxial cable at system output. These results are tabulated in the
Table 1 below.
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Table 1. Results.

Loading conditions

With 150 ohms(CAVITY)

RF transmitter output (or)

Output from matching

Waveguide input

network

(volts)

(millivolts)

2

150

2

200

7.5

400

6

600

With 50 ohms(SYS OUT)
With 150 ohms(CAVITY)
Without 50 ohms(SYS OUT)
Without 150 ohms(CAVITY)
With 50 ohms(SYS OUT)
Without 150 ohms(CAVITY)
Without 50 ohms(SYS OUT)

The above observations illustrate that the detection according to the FGM postulate was
not just because of the annular magnetic rings, but the radial electric field also has its effect. This
is evident as the output signal level went up when the 50 ohms matching impedance was
disconnected. This experiment could run at any frequency and the matching network makes sure
that the signal strength detected will be in the desired range.

CHAPTER 8
CONCLUSION AND FUTURE WORK
The misinterpretation of an experiment set up by Robert Zimmerman at the National
Astronomy and Ionosphere Center, Puerto Rico, was observed by Dr. McGinn, Dr. Ferraro and
Dr. Grimes. Their postulate has been experimentally supported with this thesis work. The setup
runs at 21.689 MHz as opposed to the 1296 MHz transverse magnetic mode run by Zimmerman.
But from the knowledge of electromagnetics, if it works for one particular frequency then it will
work for every other frequency. Advantages of these plasma antennas are multifold. As the
plasma antenna operates only when the plasma is turned on, a receiver can be constructed to
establish a secured communication link. Also, plasma antennas have higher observability which
can be used to design efficient radar imaging devices to assist pilots in hostile conditions.
Success of this project paves the way to replace the plasma tube with carbon rods and
look for the electrical transduction. This is possible because the mobility of electrons is higher in
carbon rods. That will be a solid-state version of this thesis work. So it can be concluded that
striations of charge in the plasma can be modulated by time-modulated electric field spoke and
annular magnetic rings.
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